The search for neutrinoless double beta decay of nuclei is believed to be one of the most promising means to search for new physics. Observation of this very rare nuclear process, which violates Lepton Number conservation, would imply the neutrino sector has a Majorana mass component and may also provide an explanation for the universe matter-antimatter asymmetry of the universe. In the case where a heavy intermediate particle is exchanged in this process, QCD contributions from short range interactions become relevant and the calculation of matrix elements with four-quark operators becomes necessary. In these proceedings we will discuss our current progress in the calculation of these four-quark operators from LQCD.
Introduction
One exciting prospect for searches for physics Beyond the Standard Model (BSM) is neutrinoless double beta decay (0νββ), a Lepton Number violating process. If observed, 0νββ may provide a possible explanation for the observed abundance of matter over anti-matter in the universe, as lepton number violation could be converted to baryon number violation very early in the universe. Its observation would provide evidence of the Majorana nature of the neutrino.
Most of the recent research on 0νββ has been focused on the light Marjorana exchange mechanism which is a long-range interaction process. Short-range interactions, on the other hand, have received much less attention as a natural hierarchy of higher order operators would render them irrelevant. There are good reasons to believe these short-distance operators may be relevant, however. The light Majorana exchange mechanism requires a helicity flip and is therefore proportional to the light neutrino mass. If this mass is generated from heavy new physics, it can naturally lead to comparable long and short-range contributions. For a comparison of the possible effects from long and short range contributions, see Ref. [1] and for a detailed discussion of the full possibilities of long and short range mechanisms, see Ref. [2] .
Understanding how the long-range Majorana mechanism contributes to 0νββ has been discussed extensively in the literature. For a recent review, see Ref. [3] . While theoretical challenges remain, it is in principle understood how to compute the nuclear double beta decay rate given the exchange of a light Majorana neutrino, since the coupling of the weak axial current to a nucleon is well understood experimentally and theoretically. In contrast, in the scenario that short distance 4-quark-2-electron operators are relevant to 0νββ, the only recourse we have to ultimately determine the strength of these contributions is with lattice QCD as they can not be isolated experimentally. For this reason, we have begun our effort focused on these prospective short distance contributions. There are interesting challenges in understanding the long-range contributions as well [4] for which lattice QCD can also be applied [5, 6] .
Short Range Contributions
0νββ decay violates lepton number conservation by 2 units and thus it is not allowed in the Standard Model (SM). Nevertheless, Lepton number conservation is anomalous in the SM and it might be violated at energies higher than the electroweak scale. To incorporate those effects into the nuclear interactions, a series of Effective Field Theories (EFTs) can be employed, see for example [2] . Using the EFT approach, the leading short range contributions to 0νββ, which correspond to 9 local four-quark operators, have been identified [7, 8] . These are ilustrated in figure 1 .
Here we focus on the processes arising from the 0 + → 0 + nuclear transitions which are the most relevant for 0νββ experimental searches. At leading order in an EFT employing a Weinberg power counting [7, 8] , these are given by the processes shown in figures 1(a) and 1(b). The matrix element arising from π − → π + are the simplest to compute and our Lattice QCD results [9, 10] will be presented next. The local nn → pp contribution is significantly more challenging to compute due to the challenge of computing two-nucleon systems with LQCD. The operators that must be considered to compute the π − → π + matrix element have been identified in [7, 8] . These operators can be written as three color-unmixed (quarks in a bilinear are contracted together) and two color-mixed (quarks in different bilinears are contracted together) operators. The mixing patern is determined by the chiral properties of these operators [8, 11, 12] . The operator basis is given by:
Here, following the Takahashi notation, color contractions are indicated by using () and [] to enclose contracted quarks, for exampleq a q aqb q b = (qq) [qq] . In order to calculate the matrix elements, three point functions C 3pt i (t, T − t) are computed on the lattice. These correspond to correlation functions with the four-quark operator inserted between two pions interpolating fields as follows:
where Π + (t f , x) =dγ 5 u and Π + (t i , y) = Π − † (t i ) are annihilation and creation operators for a π + and a π − particle respectively. The calculations were performed with N f = 2 + 1 + 1 HISQ [13] gauge field configurations generated by the MILC collaboration [14, 15] and using a Mixed Action with Möbius Domain Wall valence fermions [16] . A more detailed description can be found in [9, 10] . From C 3pt i (t, T − t), the following ratio functions R i (t) can be obtained and related to the matrix element as follows:
Sample plots for 2.3 and the extracted matrix element are found in [10] figures 2 and 3 respectively. After renormalization, to be discussed next, the matrix elements are extrapolated to the continuum, infinite volume and physical pion mass limits [10] . These matrix elements, O i , can then be used to construct nn → ppe − e − potentials which can be embedded in many body wave functions to compute a 0νββ decay rate. For i = [1, 2] , the potentials are
where V π 1,2 (|q|) = −τ 1 · τ 2 σ 1 · q σ 2 · q/(|q| 2 + m 2 π ) and P + 1,2 project onto the isospin raising operator for each nucleon (the electronsēe c and the prefactor 
Non-perturbative Renormalization:
The bare LQCD matrix elements must be renormalized. It is also useful to convert them to MS-scheme, the most common in the phenomenological and perturbative QCD literature. We use the RI/SMOM scheme [17] which is a RI/MOM scheme [18] with non-exceptional kinematics, with a renormalization scale given by µ 2 ≡ (p in −p out ) 2 = p 2 in = p 2 out . The renormalization constants are defined aŝ
Finally, the scheme is also converted to the MS-scheme of [19] at the scale µ = 3 GeV. mix under renormalization, Z is a non-diagonal matrix. To determine the non-zero elements, bare amputated vertex functions of the operators are computed on Landau gauge-fixed configurations and set equal to their tree level values in the chiral limit, Z ik Λ b kj /Z 2 q = Λ tree ij /Λ tree q . We determined Z on ensembles at three lattice spacings a = 0.09, 0.12, 0.15 fm, and at several momenta and quark masses which allowed us to perform a chiral extrapolation and a momentum interpolation in order to determine Z at the desired scale.
The chiral properties were checked by looking at the following quantities, Z A = Z V , Z P = Z S . This is illustrated in figure 2b where Z A /Z V is shown to be very close to 1. Additionally, Z entries for chirally forbidden matrix elements of the four-quark operators are observed to be orders of magnitude smaller than the allowed matrix elements. Also, off-diagonal Z entries which mix the different operators are supressed with respect to the diagonal terms as these are subleading effects.
For the coarsest ensemble, a = 0.15 fm, large errors were observed to appear below the desired scale, µ = 3 GeV. To obtain renormalization constants at the µ = 3 GeV scale, running of the operator was employed to raise the renormalization scale. The technique that was adopted is known as step scaling and has been previously used together with the RI-SMOM scheme [20] . The process consists in finding the step scaling function which describes the running of the operators in the continuum limit. This step scaling function is defined by the "ratio" of two renormalization matrices at different momenta:
Furthermore, this quantity possesses a well defined continuum limit, Σ(µ 1 , µ 2 ), which we determined from a fit. For that purpose, the following fit anzats was employed:
In figure 2a, a sample plot shows the step scaling function data and fit. The renormalized matrix elements extrapolated to the physical point are given in Table II of Ref. [10] .
Four Quark Feynman-Hellmann Method: For the more complex two-nucleon contact interaction term, diagram 1b) the calculation is far more expensive. To address this problem we are exploring an extension of the Feynman-Hellmann method developed in [21] and used to compute g A [22] , to compute 4-quark operators, beginning with a test with a π − → π + matrix element. Given an external source S λ = λ d 4 xψΓ 1 ψψΓ 2 ψ, a relation between the matrix element and two point functions can be determined (presented here for a pion with the leading wrap-around effect) with suppressed excited state (e.s.) contributions. ∂ λ C(t) contains the matrix element of interest:
To avoid calculating N(t) directly (as it involves the operator insertion in the whole volume), instead a theory with the action S = S 0 + d 4 x σ 2 4 + λ i d 4 xψΓ i ψ , where σ is a real scalar field, can be employed together with the Hubbard-Stratanovich Transformation [23, 24] . This exchanges the calculation of four-quark operator insertions for bilinears, with the introduction of a new stochastic field. After integrating out the σ field the four-quark operator is recovered in an analogous way to four-fermion interactions mediated by a W/Z boson, where the heavy W/Z bosons may be integrated out to give an effective interaction described by a four fermion contact term.
Conclusions
We have presented the progress on the calculation of the short range interaction contributions to 0νββ from Lattice QCD. The leading contributions arising from the π − → π + process have been computed using LQCD and have been renormalized to express the matrix elements in the MS-scheme at 3GeV. The calculation of the nn → pp amplitude is much more challenging and numerically costly, though it will likely be necessary due to a potential breakdown of EFT power counting [4] . We are therefore exploring variations of the Feynman-Hellmann method combined with a Hubbard-Stratonovich transformation to compute the corresponding matrix elements more efficiently.
